Quartz-enhanced photoacoustic spectroscopy (QEPAS) offers efficient gas detection, compactness, robustness, fast time response and affordability, exploiting quart tuning forks (QTFs) as resonant optoacoustic transducers. Recently, new geometries for the QTFs were proposed and implemented in QEPAS sensors, opening the way to novel sensing configurations providing excellent results in detection sensitivity. Recent results obtained by exploiting custom QTFs in QEPAS trace-gas sensors operating in the near-IR and mid-IR ranges will be reviewed.
INTRODUCTION
Sensitive and selective detection of gas species down to trace concentrations is of great importance in a wide range of applications including industrial process control and environmental monitoring, petrochemical industry, atmospheric science as well as medical applications. Fundamental requirements for efficient trace gas detection are compactness, robustness, fast time response and affordability. Quartz-enhanced photoacoustic spectroscopy (QEPAS), a variant of PAS [1] , meets all these criteria. QEPAS exploits a quartz tuning fork (QTF) that converts the acoustic wave into an electrical signal via the piezoelectric effect [2] [3] [4] [5] . For more than a decade since its first demonstration in 2002 [5] all QEPAS based sensor systems employed standard 32 kHz QTFs, similar to the ones incorporated in clocks, watches and smartphones. These tuning forks were designed and optimized for timing applications. Recently, new geometries for the QTFs were proposed [6] and implemented in QEPAS sensors, opening the way to novel QEPAS configurations, such as the exploitation of QTF overtone vibrational modes [7] [8] and novel single-tube micro-resonator configurations [9] [10] [11] . Custom QTFs with large prong spacing allowed extending QEPAS to the THz spectral range [12, 13] and exploiting excitation sources with poor beam profile, such as fiber-amplified lasers [14] . Recent results obtained exploiting custom QTFs in QEPAS trace-gas sensors operating in the near-IR, mid-IR and THz ranges will be reviewed.
CUSTOM QUARTZ TUNING FORKS
Until 2013, all the QEPAS sensors reported in the literature employed commercial standard QTFs operating at the fundamental in-plane flexural resonant mode, with a frequency of ~ 32.7 kHz. QEPAS measurements are more sensitive to the gas vibrational-Translational (V-T) relaxation rate compared to the conventional PAS, which is commonly performed at f < 4 kHz. In case of slow V-T relaxation, with respect to the modulation frequency, the thermal waves in the gas cannot follow fast changes of the laser induced molecular vibration excitation. Thus, the generated photoacoustic wave is weaker than it would be in case of fast V-T energy equilibration. With the aim to reduce the QTF resonance frequencies and identify the optimal design for optoacoustic gas sensing, we realized six custom QTFs by varying their geometry in terms of spacing between the prongs (2s), their length (L p ), width (w) and thickness (T) [6] . The QTFs were realized starting from a z-cut quartz wafer with a 2° rotation along the x-axis. The z-cut is the dominant low frequency (up to 50 kHz) crystal-cut, which provides thermally stable flexural vibrational mode frequencies. Standard photolithographic techniques were used to etch the QTFs. Cr and Au patterns are deposited on both sides of the wafer. In table I are reported the size of the realized QTFs compared with those of the standard 32 kHz QTF. A photograph of a quartz crystal plate containing a set of QTF#1 is shown in Figure 1 . The main QTFs parameters (resonance frequencies, related Q-factors and electrical resistance) were determined by electrically exciting the QTFs with a sinusoidal voltage signal generated by an arbitrary function generator. The current signal is collected and converted into a voltage signal by a transimpedance amplifier and sent to a lock-in amplifier, which demodulates the signal at the same angular frequency set by the AFG. The fundamental f 0 and first overtone f 1 frequencies together with the related Q i -factor measured at atmospheric pressure are listed in Table II . All these custom QTFs have been used for QEPAS sensing applications and opened the way to new approaches in QEPAS based sensing technology as reported in the following sections. signal strongl nal, the focus bration amplit ve generated b the laser spot ot influence th resonator. The nvestigation of investigation of custom QTFs operating in the overtone flexural modes are reported in [7] and [18] . For QTF#2, QTF#4, QTF#5 and QTF#6 the QEPAS performances of the fundamental and 1 st overtone modes were compared by implementing these QTFs in QEPAS sensor systems targeting water absorption lines. It was demonstrated that for QTF#4, QTF#5 and QTF#6, the QEPAS peak signal acquired when operating at the QTFs overtone mode is higher than the corresponding one measured using the fundamental mode, while for QTF#2 an opposite behaviour was observed [7, 18] . Therefore, it is possible to design QTFs that favour the 1 st overtone flexural mode operation with respect to the fundamental mode or vice versa, in terms of the QEPAS signal.
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SINGLE-TUBE MICRO-RESONATOR AND 1 ST OVERTONE MODE OPERATION
Dual-tube and single-tube micro-resonator optimal lengths are correlated with the sound wavelength, λ = v/f, where v is the sound speed (343 m/s in air). In particular, the optimal length falls between λ/2 and λ; closer to λ for a dual-tube micro-resonator [15] , while closer to λ/2 for a single-tube micro-resonator [10] . If the QTF resonance f is a few kHz, the optimal length becomes several cm. As an example, for f=5 kHz, λ = 6.86 cm. With such long tubes the optical alignment becomes critical when using near-IR diode lasers and not feasible with mid-IR or THz laser sources. Indeed, in QEPAS sensing it is required that the exciting source must pass through the QTF and micro-resonator without illuminating them, as otherwise a strong background signal with a fringe-like pattern shape arises, strongly limiting the detection sensitivity [21, 22] . Having the 1 st overtone mode at a frequency that is ~6 times higher than the fundamental mode, the optimal length for the micro-resonator system is significantly reduced, making the implementation of microresonator feasible not only with a near-IR laser [11] but also mid-IR sources [9] . A photograph showing QTF#5 operating at the 1 st overtone mode and coupled with a single tube micro-resonator is shown in Fig. 4 . The first demonstration of a single tube QEPAS system exploiting a 1 st overtone operation was reported in [11] , implementing QTF#5. Taking advantage from the QTF#5 overtone resonance frequency of ~ 17.7 kHz and the quasi first harmonic acoustic standing waves generated in a SO-QEPAS configuration, the micro-resonator length was reduced to 14.5 mm. This length becomes comparable with the optimal one for the dual-tube micro-resonator employed for a standard 32 KHz (~9.5 mm) and allows the realization of compact spectrophone, as well as facilitates the laser beam alignment through the QTF + micro-resonator system. The signal enhancement in the overtone resonance mode and the high acoustic coupling efficiency between the micro-resonator and QTF in the SO-QEPAS configuration yields an overall sensitivity enhancement factor of ~380 with respect to the bare custom QTF operating in the fundamental resonance mode [11] .
OTHER QEPAS CONFIGURATIONS IMPLEMENTING A 1 ST OVERTONE MODE OPERATION
The 1 st overtone flexural mode, being modeled as 2-coupled point-masses, possesses two antinodes point identifying the position of maximum vibration amplitudes along the prongs. Hence, there is the possibility to excite the QTF in two different points for QEPAS signal purposes. This distinctive property permits to excite the two resonance antinode points of a custom QTF operated at the 1 st overtone resonance mode simultaneously. The first demonstration of this approach, named double antinode excited QEPAS (DAE-QEPAS), was reported in [23] , using a single-mode fiber pigtailed laser source and two dual-tube micro-resonator systems. Being the two antinode points oscillating in counterphase, a portion of the single-mode fiber focusing the laser on the upper antinode was coiled around a piezoelectric cylinder, A custommade high voltage amplifier was used to induce a piezoelectric deformation of the cylinder. Consequently, the expansion of the cylinder diameter generates changes of the laser optical path in the fiber. In this way, the piezoelectric cylinder can act as a phase compensator. This approach allowed the compensation of the phase shift between two QTF 1 st overtone antinode points so that both contributed constructively to the final QEPAS signal. Using this novel configuration, a sensitivity gain factor of ~100 times and ~3 times was achieved with respect to a bare custom QTF and a standard onbeam QEPAS spectrophone, respectively. The gain factor increases up to ~500 times if considering a bare QTF operating at the fundamental flexural mode resonance. Such a high sensitivity gain factor is the result of the simultaneous excitation of two antinodes by means of a three-fold passage of the laser beam through two sets of dualtube micro-resonators. The possibility to operate a QTF on two distinct resonance modes opened the way to the simultaneous excitation of both on the fundamental and 1 st overtone modes using one or two different laser sources. This latter approach was recently demonstrated employing QTF#5 [24] . Here, the QEPAS sensor system exploited a frequency division multiplexing technique. Two beams from two independently modulated lasers were focused at the antinode of the fundamental flexural mode and on the lower antinode of the 1 st overtone modes, respectively, to excite both QTF vibrational modes simultaneously. A 2f-wavelength modulation technique was employed by applying two distinct sinusoidal dithers to the currents of two different excitation lasers, at frequencies equal to a half of the QTF fundamental and 1 st overtone frequencies, respectively. The large frequency difference between two flexural modes resonances ensures that the correlated photoacoustic signals generated by different target gases do not interfere with each other. Indeed, no interference effects and no excess noise were observed when the QTF operates in combined vibrational motion with respect to the pure fundamental or 1 st overtone flexural mode. The proposed QEPAS method allowed continuous realtime simultaneous dual-gas monitoring and was demonstrate for detection of C 2 H 2 and H 2 O [24] .
CONCLUSIONS
In this work, we presented a review of the latest results we achieved employing custom quartz tuning forks for QEPAS sensing. Custom QTFs allowed the extension of the QEPAS technique into the THz range and the use of laser sources with poor beam profile, like fiber amplified near-IR lasers, but also the exploitation of novel micro-resonator configuration for sound amplification based on a single-tube or the employment of the 1 st overtone flexural mode resonance for QEPAS sensing. The combination of single-tube micro-resonator and 1 st overtone mode operation provided a QEPAS signal gain factor of more than two orders of magnitude and of about 500 times when implementing the DAE-QEPAS configuration, with respect to operation with a bare QTF. Finally, by simultaneously exciting the fundamental and first overtone flexural modes of a QTF it was possible to demonstrate the possibility to perform simultaneous dual-gas QEPAS sensing.
